Sexual dichromatism, a form of sexual dimorphism in which males and females differ in colour, is widespread in animals but has been predominantly studied in birds, fishes and butterflies. Moreover, although there are several proposed evolutionary mechanisms for sexual dichromatism in vertebrates, few studies have examined this phenomenon outside the context of sexual selection. Here, we describe unexpectedly high diversity of sexual dichromatism in frogs and create a comparative framework to guide future analyses of the evolution of these sexual colour differences. We review what is known about evolution of colour dimorphism in frogs, highlight alternative mechanisms that may contribute to the evolution of sexual colour differences, and compare them to mechanisms active in other major groups of vertebrates. In frogs, sexual dichromatism can be dynamic (temporary colour change in males) or ontogenetic (permanent colour change in males or females). The degree and the duration of sexual colour differences vary greatly across lineages, and we do not detect phylogenetic signal in the distribution of this trait, therefore frogs provide an opportunity to investigate the roles of natural and sexual selection across multiple independent derivations of sexual dichromatism.
INTRODUCTION
Sexual dichromatism, a form of sexual dimorphism in which males and females differ in colour, is widespread in animals and is most commonly studied in birds [1, 2] , fishes [3] and butterflies [4] . In The descent of man [5] , Darwin highlighted the strong association between sexually dimorphic traits and related courtship behaviours, thus setting the stage for sexual selection as a primary evolutionary mechanism for sexual dimorphism. In frogs and toads (anurans), the most common form of sexual dimorphism is body size (more than 90% of species), and these differences are attributed to fecundity (when females are larger [6] ) or sexual selection (when males are larger [7] ). Prior to this study, sexual dichromatism was only known from 25 species (or less than 0.5%) of frogs [8] . Although we have now documented sexual dichromatism in over 120 species (see the electronic supplementary material), both its function and evolution remain poorly understood. In this review we: (i) document the distribution and diversity of sexual dichromatism in frogs; (ii) test whether the phylogenetic distribution of sexual dichromatism reflects shared evolutionary history; (iii) identify circumstances in which sexual selection versus other selective mechanisms may be involved in maintaining sexual dichromatism; and (iv) outline areas of future research related to the evolution and function of sexual dichromatism in frogs.
THE DIVERSITY OF SEXUAL DICHROMATISM IN FROGS
Within frogs, we make a distinction between two broad classes of sexual dichromatism. In the first class, which we refer to as dynamic dichromatism, males undergo a temporary colour change during the breeding season (figure 1a,b). The duration of this dynamic colour change varies across species from only a few hours (e.g. Incilius luetkenii [9] ) to several days or weeks during the breeding season (e.g. Rana temporaria [10] ). In the second class of dichromatism, which we refer to as ontogenetic dichromatism, either males or females undergo a permanent colour and/or colour pattern change, generally at the onset of sexual maturation ( figure 1c,d ). The degree of colour differentiation between the sexes ranges from subtle differences in shade (e.g. Scaphiophryne gottlebei [11] ) to dramatic differences in both colour and pattern (e.g. Hyperolius argus [12] ).
We distinguish between the two classes of dichromatism (dynamic and ontogenetic), and their respective phylogenetic distributions, because they may have important differences in terms of evolutionary lability and function. Dynamic sexual dichromatism is present in 31 species from nine families and subfamilies (see the electronic supplementary material) and is especially prevalent in the Ranidae, Bufonidae and Hylidae (figure 2a). Owing to its ephemeral nature, this class of dichromatism is probably under-documented in the literature and may be far more common among frogs. In particular, we anticipate future records of dynamic dichromatism within lineages where it has already been documented and is fairly common (e.g. Bufonidae). Ontogenetic dichromatism appears to be more taxonomically widespread and is present in 92 species from 18 families and subfamilies (see the electronic supplementary material), though the vast majority of these dichromatic species are in the Hyperoliidae, Bufonidae and Hylidae (figure 2b).
Dynamic dichromatism is only present in the 'neobatrachia', or modern lineages, of frogs whereas ontogenetic dichromatism is present in several basal lineages as well as the three major modern lineages. These differences in phylogenetic distribution may provide insight into the underlying physiological mechanisms for each type of colour change, and whether similar pathways are employed in both types of dichromatism and across multiple independent evolutionary origins. The species-rich lineages in which sexual dichromatism are absent may be equally informative for understanding the evolution and genetic basis of this trait. For instance, dynamic sexual dichromatism is entirely absent from the primarily ground-dwelling Microhylidae, in which a heavy reliance on crypsis in leaf litter may render temporary male colour change too costly. Alternatively, dichromatism may be absent in these lineages owing to developmental constraint.
CHARACTERIZING THE PHYLOGENETIC DISTRIBUTION OF SEXUAL DICHROMATISM IN FROGS
To test for phylogenetic signal in each class of sexual dichromatism, we used the most comprehensive amphibian phylogeny to date [13] , which includes representatives from more than 90 per cent of the currently recognized genera and approximately 2400 species (nearly 40% of total frog species diversity). We pruned the Pyron & Wiens tree [13] to the family or subfamily level as applicable, and created an ultrametric version of this tree using the function chronopl, with l ¼ 0 to approximate nonparametric rate smoothing [14] . Character states for dynamic and ontogenetic dichromatism were then assigned to the appropriate tips (families or subfamilies).
Phylogenetic signal is a measure of how well shared evolutionary history explains the distribution of trait values among terminal taxa and a particular phylogeny. We quantified the degree of phylogenetic signal in both classes of sexual dichromatism using Pagel's lambda (l) [15] , a test statistic that varies from zero to one, where a value of zero indicates that trait evolution is independent of phylogeny and a value of one indicates that shared character states among terminal taxa reflect shared ancestry. We optimized the value of lambda for both classes of sexual dichromatism using maximum likelihood in the fitDiscrete function of geiger with an equal rates character state transition model [16] . To determine whether our phylogenetic signal estimates were significantly greater than zero, we compared the negative log-likelihood values for our original phylogeny with those obtained after transforming the branches in the phylogeny by l ¼ 0 using the lambdaTree function of geiger [16] , which results in a phylogeny without phylogenetic signal. All analyses were performed in R v. 2.13.1.
Although our current numbers of sexually dichromatic frogs are probably underestimated, this review significantly improves our current understanding of the phylogenetic distribution and diversity of this trait. Both ontogenetic dichromatism (l original ¼ 0.000045, log likelihood ¼ 237.52307; l transformed ¼ 0, log likelihood ¼ 237.52303) and dynamic dichromatism (l original ¼ 0.000045, log likelihood ¼ 227.12687; l transformed ¼ 0, log likelihood ¼ 227.12684) exhibit values of phylogenetic signal that are not significantly different from zero, indicating that trait evolution is independent of phylogeny. These values indicate that history alone cannot explain the phylogenetic distribution of either dynamic or ontogenetic dichromatism in frogs. Broad macroevolutionary patterns, however, point to specific lineages that merit further study and direct our attention to a diversity of evolutionary mechanisms that may result in sexual dichromatism.
SEXUAL DICHROMATISM AND SEXUAL SELECTION
In vertebrates, sexual dichromatism can exist in three general classes: (i) brightly coloured males and drab females, (ii) brightly coloured females and drab males, and (iii) both sexes equally conspicuous but with differences in colour and/or colour pattern. Regardless of the particular class of dichromatism, most studies of sexually dichromatic vertebrates find support for sexual selection as a driving force in the origin and maintenance of this trait. For instance, when males are the brighter sex, male-male competition and female choice are cited as evolutionary mechanisms in a number of vertebrate taxa, including birds [17] , fishes [18] , lizards [19, 20] , turtles [21] , salamanders [22, 23] and primates [24, 25] . In cases where females are brighter than males, sexual colour differences may be explained by a sexrole reversal in the mating system in which females compete for males [26] . Finally, when both sexes are bright and differ in coloration, these differences are often attributed to mutual-mate choice, where males and females evaluate the quality of potential mates based on coloration [27] .
While sexual selection may be the prevailing evolutionary mechanism underlying sexual dichromatism in vertebrates, alternative mechanisms need to be considered. Sexual niche partitioning, in which males and females use different resources or experience different predation pressures, is implicated in a number of sexually dimorphic taxa [28] [29] [30] . Relative to sexual selection, this theory remains largely unexplored in the scientific literature, particularly in the context of sexual dichromatism (but see [31] ). The historical bias towards sexual selection may be inherent to the groups that have traditionally been studied, such as birds and fishes that typically have polygynous or promiscuous mating systems with highly visual courtship displays for mate selection. Though dynamic dichromatism in diurnal frogs may be consistent with sexual selection [9] , ontogenetic dichromatism in nocturnal species where females and males are equally conspicuous indicates that ecological selection may also be an important selective force. Therefore, sexual dichromatism in frogs, and in particular ontogenetic dichromatism, provides the opportunity to investigate the relative roles of natural and sexual selection across multiple independent derivations of this trait.
EVOLUTIONARY MECHANISMS FOR DYNAMIC SEXUAL DICHROMATISM
Dynamic sexual dichromatism in frogs is probably driven by sexual selection because these temporary colour changes only occur in males and coincide with the mating season [9, 32] . Within the realm of sexual selection, this class of dichromatism may serve a variety of functions that are well characterized in other taxa. These potential functions include male -male competition, which is well documented in birds [26] , visual signalling between the sexes, which is recognized in at least one frog species [33] , and as an honest indicator of mate quality, which has been proposed in birds [34] , lizards [35] and some frogs [36] . Though these functions are well characterized in other vertebrate groups, the specific functions of dynamic dichromatism may vary greatly across frog lineages depending on certain aspects of mating system biology, such as reproductive mode and degree of parental care. For instance, in birds, male coloration is a common signal of male quality, including paternal investment in offspring and male genotypic quality [37] , whereas in frogs, females typically assess male quality based on body size and advertisement call [38] . Nonetheless, females may use carotenoid-based colour as an honest indicator of male quality in breeding aggregations where acoustic signals are more difficult to assess [36] . Likewise, the duration of temporary colour change across dichromatic species probably varies with mating aggregation size and duration of the breeding season. Migratory birds are 23 times more likely to be dichromatic than nonmigratory species, which is hypothesized to be owing to a shorter mate-sampling period for migratory species [2, 39] . Therefore, if male coloration in frogs is in fact used to evaluate mate quality, we expect that dynamic dichromatism will be more common in 'explosive breeders', or species with shorter breeding seasons [40] ; however, the data to test this hypothesis is not yet available.
The underlying physiology of temporary changes in skin coloration and the range of anuran visual acuity may limit the diversity of temporary coloration observed in male frogs. One of the most dramatic temporary colour changes in frogs occurs in Rana arvalis where males are bright blue for several weeks. This colour change may result from destruction of yellow pigments in xanthophores such that blue wavelengths reflected by the iridophores are unfiltered (box 1). In most dynamically dichromatic species, however, temporary coloration in males is either yellower or slightly darker or lighter than the non-breeding coloration. These temporary colour changes are probably accomplished by modulating pigment distribution in xanthophores or melanophores [42] . Although there may be physiological limits as to which temporary colour changes are possible, the high prevalence of yellow or 'brighter' colour changes (23 of the 31 dynamic species; figure 3) may provide some insight into anuran vision, female sensory bias or developmental constraint in the types of temporary colour changes that are possible in frogs.
EVOLUTIONARY MECHANISMS FOR ONTOGENETIC SEXUAL DICHROMATISM
Ontogenetic dichromatism, where one sex undergoes a colour change that is generally coincident with sexual maturation, may potentially result from a combination of both sexual and natural selection [31] . The first subclass of ontogenetic dichromatism, where males are more brightly coloured than females, is documented in more than 10 frog species (figure 3), the majority of which are found in the Bufonidae and Hylinae. This sub-class of ontogenetic dichromatism is probably subject to similar types of sexual selection as dynamic dichromatism with the exception that sexual colour differences are maintained beyond the mating season. Therefore, the relative contribution of sexual selection versus natural selection in these species will presumably depend on the strength of selection for bright and conspicuous coloration during the breeding season and the strength of selection for (or against) that same coloration during non-breeding periods. For chemically defended frogs, bright coloration in males serves a dual purpose to attract females and as aposematic signals to potential predators (e.g. Bufonidae and Dedrobatidae); therefore, both sexual and natural selection may act in concert in these species to produce brighter coloration in males [47] .
The second sub-class of ontogenetic sexual dichromatism, in which females are equally as conspicuous or more conspicuously coloured than males, is especially common in the African hyperoliid treefrogs (35 of the 80 species in this sub-class; figure 3 ) among which dichromatic species repeatedly evolve from monochromatic species [48] . In several species in this family, sex steroids at the onset of maturation trigger a change in dorsal coloration [49] Box 1. Colour variation from three pigment cell types in frog skin.
Interactions between three pigment cell types in the dermis underlie both permanent and temporary coloration in frogs. The layer of pigment and light-reflecting cells (the dermal chromatophore unit) in frog skin includes melanophores, which contain melanin, non-reflecting chromatophores called xanthophores or erythrophores, and reflecting chromatophores called iridophores. The upper layer of this dermal chromatophore unit is composed of non-reflecting chromatophores that are called xanthophores when they bestow yellow coloration and erythrophores when they bestow red coloration. The pigments found in these cells include pteridines, which can be synthesized by the chromatophores, or carotenoids, which are metabolized from the diet. The second cell type, the iridophore, is located below the non-reflecting chromatophores and reflects light with platelets of purine 'pigments'. This layer creates iridescence by diffracting light within the platelets and interacts with the overlying non-reflecting chromatophores to produce bright colours, such as the bright green coloration present in many frogs [41] . In the absence of non-reflecting chromatophores, iridophores may bestow a structural blue colour [42] . Likewise, when iridophores are reduced, non-reflecting chromatophores may impart bright red and yellow coloration [43] . The third cell type, the melanophore, is the basal-most chromatophore and contains eumelanin that appears black or dark brown. These three layers interact to produce general skin lightening and darkening in response to physiological change [44] . Short-duration colour changes result from hormonal stimulation (primarily melanocyte stimulating hormone and steroid hormones) that causes dispersion or aggregation of pigment-containing organelles [45] . By contrast, permanent or semi-permanent colour changes may involve the synthesis or destruction of pigments [46] . Figure 3 . Of the frogs that exhibit dynamic sexual dichromatism, males undergo a temporary colour change to become yellower or brighter than females in 75 per cent of species (grey bar), while in the remaining 25 per cent of species, males become bluish or darker than females (hashed bar). Of the frogs that exhibit ontogenetic dichromatism, males are more conspicuously coloured than females in 13 per cent of species (grey bar), females are more conspicuously coloured than males in 11 per cent of species (hashed bar) and males and females are different coloured but equally conspicuous in 76 per cent of species (black bar).
that results in either bright sexual monochromatism (both sexes become bright at maturity) or sexual dichromatism (females undergo a colour change and males retain the juvenile coloration). There are few hypotheses as to the function of colour differences in frogs with femalebiased ontogenetic dichromatism [8] . Bright coloration in females may be sexually selected, providing a benefit in mutual mate choice [27] and female -female competition for limited resources or territoriality [50] . Alternatively, males and females may use different habitats, and differences in coloration may simply provide better camouflage in their respective habitats (e.g. sexual niche partitioning [30, 31] .
Though sexual niche partitioning has never been formally tested as a mechanism for sexual dichromatism in frogs, sexual differences in habitat use have been examined in other dichromatic vertebrates. For instance, in the Eclectus parrot, where females are bright red/purple and males are emerald green, both intra-sexual competition and inter-sexual differences in exposure to visual predators contribute to sexual dichromatism [31] . Likewise, in many Old World vipers bright striped coloration in males, which confuses visual predators [51, 52] , is thought to result from increased male exposure to predators when they actively seek females during the breeding season [53, 54] . Quantifying sexual ecological differences in habitat use and diet (if colour differences are carotenoid-based) across multiple lineages of sexually dichromatic taxa may indicate that sexual niche partitioning is a more pervasive mechanism than currently appreciated.
FUTURE DIRECTIONS AND CONCLUSIONS
Broad ecological factors, such as latitude and range size, correlate with the global distribution of sexual dichromatism in other vertebrates [2, 39] and these macroecological patterns point to specific mechanisms driving the distribution of sexual dichromatism; some of these mechanisms may also be relevant in frogs. For example, birds exhibit higher prevalence of dichromatism in temperate regions, and this pattern may result from increased predation pressure at high latitudes [55] resulting in reduced coloration in females [2] . Conversely, sexual dichromatism in frogs appears to be more common among tropical than temperate species (108 and 15 species, respectively, in the electronic supplementary material). Frogs are ancestrally temperate, and the extensive species diversity in the tropics is driven by diversification in a few, more derived lineages [56] ; therefore, accounting for the historical effects of latitude on diversification will be necessary to identify whether differences in predation pressure between temperate and tropical environments affect the global distribution of sexual dichromatism in frogs.
Species range size and species richness of a particular breeding community may also be important predictors of sexual dichromatism in vertebrates. Sexually dichromatic birds tend to have broader distributions than monochromatic species [57, 58] and sexual dichromatism is often lost on islands [59] . One potential explanation is that selection for dichromatism is correlated with increasing importance of species recognition [21, 60] . If sexual dichromatism in frogs enhances species recognition, we might expect that sexual dichromatism is more common in frog communities that form diverse breeding assemblages where other mating signals, such as call, may be insufficient for correctly identifying conspecifics [61] .
Finally, ontogenetic dichromatism may also be nonadaptive, particularly in species with distinct juvenile and adult colour phases, such as in hyperoliid treefrogs. The ontogenetic colour change in these species can result in sexual monochromatism if both sexes undergo an identical colour change at sexual maturity, or sexual dichromatism if the ontogenetic pathway is disrupted in one sex such that it retains the juvenile coloration. Because steroid hormones have a similar effect on chromatophores as melanocyte stimulating hormone (box 1), a change in chromatophore sensitivity to either male or female sex hormones could result in the loss of ontogenetic colour change in only one sex. Characterizing the underlying genetics of ontogenetic colour change pathways will be essential for assessing whether non-adaptive evolution can explain the multiple losses of ontogenetic monochromatism, and therefore sexual dichromatism, in this group that accounts for 29 per cent of sexually dichromatic frogs.
Developmental and hormonal skin colour regulation is well characterized in several frog species [43, 62, 63] , providing an excellent framework for studies of the underlying physiology of dynamic and ontogenetic sexual dichromatism (box 1). Likewise, the capacity to discern colour differences is well documented for several diurnal frog species [64] [65] [66] , therefore applying appropriate vision models to studies of sexual selection in diurnal frog species should be feasible. The extent of anuran spectral sensitivity in low light conditions, however, is largely unknown (but see [67] ) and will be a necessary component of dichromatism research in nocturnal species.
Our review highlights that we are rapidly gathering data on the distribution of sexual dichromatism among frog species, but that we still know very little about the function of sexual dichromatism in this group of vertebrates. Our review also underscores the potential benefits of using frogs for investigating the relative roles of natural selection and sexual selection in the evolution of sexual dichromatism, and the opportunity for interpreting those patterns in a comparative framework. In particular, studies that focus on lineages in which dynamic or ontogenetic dichromatism evolve repeatedly hold the most promise for addressing hypotheses about the origin and maintenance of this phenotype in frogs as well as other groups of dichromatic organisms.
